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The ratios of lift and axial thrust to undeflected thrust of nozzle- 
deflection-plate configurations using the Coanda effect for obtaining 
jet deflection and lift were evsluated from force measurements. Pressure 
distributions were also obtained over the surface of the deflection plate. 
The convergent nozzles used in the study were of rectangulsr cross sec- 
tion with exit heights rauging from 0.5 to 3.7 inches. The deflection 
surfaces were single flat plates from 1.37 to Il.75 inches long. The 
nozzles discharged into quiescent air over a range of pressure ratios 
from 1.5 to 3.0. 

r 

In general, the performance of Coanda nozzles is substantislly the 
ssme as that theoretically calculated for a flat-plate flap immersed in 
an airstream. For optimum performance, the ratios of lift to undeflected 
thrust were approtimately equal to the sine of the deflection angle; how- 
ever, the maximum obtainable ratio was angle-limited, depending on“nozzle 
height and pressure ratio. The folloting table gives orders of magnitude 
(estimated from data) of the optimum performance for two Coanda nozzles 

L with a plate length of 2.5 inches and at a nominal pressure ratio of 2.1: 

Nozzle Ratio of lift to Ratio of axisl Deflection 
height, undeflected thrust to undeflected thrust =@e, 

in. da 

For ratios of lift to undeflected thrust equsl to theoreticsl values, 
pressures less than atmospheric existed over the entire surface of the 
deflection plate. An empiricsl relation was developed for predictkg the 
required plate length in terms of the nozzle height for achieving optimum 
ratio of lift to undeflected thrust at a given deflection-plate angle and 
pressure ratio. 
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INTRODUCTION 
t 

Luring the past 15 years considerable attention has been given to 
aircraft configuration6 utilizing propeller thrust for vertical lift to 
support the aircraft at zero ground speed, in order to make a practical 
vertical takeoff and landing aircraft (VIOL). The areas of usefulness 
for VTOL and STOL (short takeoff and landing) aircraft have been dis- 
cussed and evaluated previously (refs. 1 to 4). Within the past two 
years jet engines with favorable thrust-to-weight ratios have become 

-. available. As a result, interest in jet-supported VTOL and STOL aircraft 
has grown. 

Since 1955 the MACA Lewis laboratory has been conducting research 
on jet-deflection devices for use on VTOL, STOL, and conventional types 
of turbojet-powered aircraft. The emphasis of the research has been 
placed on three principal applications of jet-deflection devices: 
(1) devices that provide jet support for VTOL aircraft oriented in a 
horizontal attitude with respect to the ground, (2) devices that provide 
jet directional control forces during takeoff and landing when the air- 
speed is too low for aerodynamic control surfaces to be effective or 
during flight at high altitudes where the aerodynamic surfaces also may 
lose some of their control effectiveness, and (3) devices that augment 
the lift of the aerodynamic surfaces either during takeoff and landing 
(STOL aircraft) or at high-altitude cruise. In general, the application 
of jet deflection for control s.nd lift augmentation requires only partisl 
deflection or turning of the jet; consequently, a large portion of the 
engine thrust still is avsilable for axial thrust. 

As part of its research program on jet-deflection devices the NACA 
has conducted an exploratory study of the use of the Coanda effect as a 
means of obtaining vertical lift for jet-powered VTOL and STOL aircraft. 
The Coanda effect may be described as the phenomenon by which the prox- 
imity of a surface to a jet stream will cause the jet to attach itself to 
and follow the surface contour (ref. 5). When such a surface is placed 
at sn angle to the original jet (or nozzle) axis, the jet stream will be 
deflected. The local pressures on the deflecting surface are less than 
ambient air pressure. If the deflecting surface is directed toward the 
ground, these negative pressures result in a lift component. A drag com- 
ponent constituting a thrust reduction in the axial thrust direction is 
also obtained. Use of the Coanda effect can be made in studies of the 
jet flap, vectored slipstream, and supercirculation devices for augment- 
ing the lift of airfoils (refs. 6 and 7). 

In the over-all program concerned with the use of the Coanda effect 
for obtaining jet deflection and verticsl lift, the performance charac- 
teristics of various deflection-plate shapes were studied, including 
single flat-plate, multiple flat-plate , and-curved-plate configurations. 

l 

z- 

. 



NACA TN 4272 

c 

I 

These data are s ummsrized briefly in reference 8. The study reported 
herein is concerned with the flow snd performance characteristics asso- 
ciated with single flat-plate jet-deflecting surfaces. Empiricel rela- 
tions between nozzle size, deflection-plate length, and deflection-@ate 
angle sre presented which yield optimum lift with minimum size of the 
deflection plate. For convenience and in order to provide flexibility 
for slterlng the deflection-plate angle, rectangular nozzles rather than 
conventional circulsr nozzles were used. The nozzles were of a simple 
convergent design, no effort being made to achieve an optimum exhaust- 
nozzle flow coefficient. The combination of nozzle and jet deflecting 
surface will hereinafter be called a "Coanda nozzle." The studies were 
conducted with a smsll-scale setup (equivalent nozzle-exit diameter less 
than 2.75 in.) with unheated air and pressure ratios across the nozzle 
(ratio of absolute jet totsl pressure to ambient pressure) from 1.5 to 
3.0. All data were obtained by discharging the jet into still air at 
approximately sea-level atmospheric conditions. 

APPARATUS 

Test Facility 

The test stand shown schematicslly in figure 1 was used to support 
the nozzle configurations and to obtain thrust snd lift measurements. 
The test stand consisted of a plenum section (inside dram., 3 in.; 
length, 16.5 in.) mounted horizontally on a link-supported force-measuring 
system. Unheated air at approximately 50' F was supplied to the plenum 
by 2.5-inch-inside-diameter twin supply lines (fig. 2). These lines were 
placed diametrically opposite one another and at right angles to the 
plenum in order to eliminate possible side and thrust forces caused by 
the entering air. These lines were also isolated from the force-measuring 
system by flexible couplings at each end of the supply lines. Aflange 
to which the nozzles were bolted was provided at the downstream end of 
the plenum section. 

The airflow through the main air supply line was measured and cali- 
brated by mesns of vertical and horizontal. totsl- and static-pressure 
probe traverses.. From this calibration the pressure indications from a 
single Pitot-static probe mounted in the center of the supply line were 
used to determine the msgnitude of the airflow during the nozzle tests. 
A single total-pressure probe mounted just inside the nozzle-exit plane 
was used to measure the tot&L pressure of the jet stream. 

The net thrust obtsined with the nozzle configurations was measured 
by strain gages mounted near the upstream end of the plenum section (fig. 
1). The strain gages on the vertical support link under the nozzle flsnge 
were used to measure gross vslues of vertic&l or lift forces. The force 
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measurements obtained with these strain gages were recorded on a modified 
flight recorder. P - 

Coanda Nozzles 

A Coanda nozzle (fig. 3) consists of a convergent nozzle exit, de- 
flecting plate, and side plates. The nozzles used herein were formed by 
flattening progressively a 2.9-inch-inside-diameter tube to a rectangulsr 
exit cross section with a desired nozzle height. The exit corners had 
radii of the order of 0.03 inch. Vertical and horizontal cross sections 
at the centerlines of the nozzles and pertinent dimensions are presented 
in figure 4. 

The jet-deflection plates, ranging in length from 1.37 to 11.75 
inches, were attached to the nozzle by a piano hinge in order to permit 
rapid changing of the deflection angle between the plates and the nozzle 
axes. A telescoping-tube mechanism supported the downstream end of the 
plate. This mechanism was attached to a bracket, which in turn was se- 
cured to the nozzle flange. Side plates (figs. 1 and 3) were attached 
to the jet-deflection plates in order to obtain two-dimensional airflow 
over the plates. In most cases the height of the side plates was equa% .. -- 
to the nozzle height; exceptions to this will be discussed later herein 
as required. The side plates were sesled to the jet-deflection plate to 
prevent air leakage onto or away from the deflection plate. Pressure 
taps were located along the centerline of each jet-deflection plate. For 
several runs, additional pressure taps were located KLong the plate 
length 0.25 inch from each side plate in order to verify the two- 
dimension&L character of the flow. 

All pressure data were recorded photographically from multiple-tube 
manometers. 

Force and pressure data were obtained over a range of nominal pres- 
sure ratios across the nozzles from 1.5 to 3.0. The jet stream dischsrged 
into quiescent air at an ambient pressure of 29.2#.3 inches of mercury. 
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The forces on a Coanda nozzle and the moment m sre shown in the fol- 
lowing sketch: 

L 
L 

+ Pivot A 
F - - 

Gage 1 

Gage 2 

f P2 

(All symbols used herein are defined fn appendix A.) It was determined 
that the horizontal force measurements were independent of any vertfcsl 
force; hence, the axial thrust was obtained directly from strain gage 1. 
The moment about pivot A consisted of two components, the lift caused by 
the deflection plate and the axis&thrust reduction (drag) caused by the 
plate. In order to calculate the net lift, moments about pivot A were 
found from the folloting equations: 

L(z + z' +;) + D = F2(d 

or 

L _ F2(20.96) - D(; + 7) 

(30.22 + 1) 

(1) 

(2) 

The thrust-reduction force (drag of deflection plate) D was calculated 
by subtracting the measured axial thrust obtained with the deflected 
plate from that obtained with the undeflected Jet (no deflection plate). 
Thevaluesof 7 and z were obtained from center-of-pressure cslcula- 
tions based-on the pressure distribution over the deflection plate. 
Values of z were considered positive when the centex of pressure was 
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located to the right of the nozzle exit, and values of 7 were considered 
positive when the center of pressure was below the lower lip of the nozzle 
exit. 

r - 

In general, the deflection-plate angle for a particular Coanda nozzle 
was set at a predetermined value , and sll pressure and force data were 
recorded as the nominal pressure ratio was increased progressively from 
1.5 to 3.0. Data recording generally was terminated for any particular 
configuration when the deflection-plate angle was sufffciently large to 
cause jet-stream detachment from the plate. This jet-stream detachment 
was observed visuslly~ sufficient water vapor condensed out of the air 
leaving the nozzle to permit easy visualization of the jet stream. At 
the ssme time that jet detachment was observed, the lift force was re- 
duced, the axJ.sl thrust was increased to values approaching the unde- 
fleeted thrust, and the local surface pressures on the deflection plate 
approached the smbient pressure. The deflection-plate angle was accurate 
to ~0.25~ while the airflow was turned off. However, with progressively 
increasing pressure ratios the deflection angle at high lifts (associated 
with deflection angles greater than 20°) could change as much as 1.5O less 
than the nominal measured angle because of slack in the hinge and tele- 
scoping support tube. 

The nozzle-plate combinations and conditions studied are summarized 
in the following-l&Me: 

- 
n 
h 

ozzle Nominal Plate Deflection- 
eight, pressure length, plate 
h> ratio, 2, angle, 
in. pN/PO in. 8, 

deg 

0.5 1.5,1.8, 1.37,2.5, 10 to 38 
2.1,2.7, 3.5,6.5, 
3.0 Il.75 

1.1 1.5,1.8, 2.5,3.5, 10 to 35 
2.1,2.7, 6.5,11.75 
3.0 

2.0 1.5,1.8, 2.5,3.5, 10 to 30 
2.1,2.7 11.75 

3.7 1.5,1.8, 7.0 10 to 20 
2.1 
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RESLILTS AND DISCUSSION 

Over-All Performance 

. 

The performance of each Coanda nozzle is evaluated in terms of the 
ratios of lift and axial thrust to the jet thrust obtained from each 
nozzle without a deflection plate (undeflected thrust). 

Nozzle thrust coefficients with undeflected jet. - In terms of the 
ratio of undeflected thrust for a test nozzle to the theoreticsl thrust 
of a circular nozzle of equal flow area (nozzle thrust coefficient), the 
following values were obtained over the rsnge of pressure ratios studied: 

Nozzle height, Approximate 
h, nozzle thrust 
in. coefficient 

0.5 0.97 
1.1 .91 
2.0 .87 
3.7 .91 

As will be shown later, the performance of the Cosnda configuration 
the nozzle with a nozzle coefficient of 0.97 does not differ significantly 
from that with a coefficient of 0.87. 

Performance of Coanda nozzles. - The performance of the Coanda noz- 
zles in terms of the ratio of lift to undeflected thrust gL and the 
ratio of axisl to undeflected thrust Sz (hereinafter cued axial-thrust 
ratio) as functions of deflection-plate angle is presented in table I. 
Cross plots of these data show that the performance (FL snd Fz) for a 
particular configuration at a given deflection angle is substantially in- 
dependent of pressure ratio as long as jet detachment from the deflection 
plate does not occur. Consequently, the discussion of the data in this 
section till be confined to a pressure ratio of 2.1, and the trends of 
the data will be considered representative of those occurring at the other 
pressure ratios studied. 

The variation of the ratio of lift to undeflected thrust and the 
axisl-thrust ratio for nozzle heights of 0.5, 1.1, and 2.0 inches are 
shown in figure 5 as a function of deflection-plate angle 8. Data sre 
presented for plates varying in length from 2.5 to Il.75 inches. As a 
basis for comparison, the theoretical performance characteristics of a 
flat-plate flap immersed in an airstream (ref. 9) are also presented in 
figure 5. The theoretical FL values for such a flap are equal to the 
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sine of the deflection-plate angle, while the theoreticsl sz values 
are represented by the following equation:. 

Sz=l- sin 0 tan 8 (3) 

Figure 5 shows that the experiment&L sL values increase with progres- 
sively increasing deflection-plate angle ..g to a maximum value depending 
on plate length and nozzle height. Beyond the msxLmum values,gL de- 
creases with increasing deflection angle because of partial jet detach- 
men-t from the deflection plate. The data showthatfnmany cases for a 
particular deflection angle and no jet detachment a short deflection 
plate relative to the nozzle height will attain near theoretic&L flL 
values (sine curve), whereas progressively longer plates till attain 9~ 
values progressively lower than theoretical values. 
figure S(b) a comparison of the go 

For example, in 
values at a deflection angle of 20° 

for the 3.5-, 6.5-, and 11.75-inch-long d&e&ion plates shows that sL 
values of 0.36, 0.30, and 0.30, respectively, are obtained. The decrease 
in SL values with increasing plate length for a given deflection angle 
is caused by an undesirable pressure distribution over the downstream 
portion of the longer plates that reduces the lift, as discussed in 
appendix B. 

d 
; -c 

- 

Further examination of the gL data in figure 5 slso shows that a 
long plate generally can be deflected to a larger sngle than a short plate 
before jet detachment from the plate occurs. The maximum flL vslue at- . 
tainable with a long plate may exceed that obtainable with a short platej 
however, the fact that sL values of progressively longer plates fsll 
increasingly below the sine curve Lndicates a reduced performance, as m 
previously discussed. 

The data in figure 5 show that some of the gL values for deflection- 
plate lengths of 2.5 and 3.5 inches fall above the sine curve. This is 
not considered particularly significant and could result from inaccuracies 
inherent in the test setup or from smsll amounts of thrust augmentation 
that may be obtainable with a Coanda nozzle (ref. 10). These data, there- 
fore, should be considered as indicating only that efficiencies nesr 
theoretical can be obtained with a Coanda nozzle. 

The axisl-thrust ratio5 Sz in figure 5 decrease with progressively 
increasing deflection angle and are in good agreement with the theoretical 
curve (eq. (3)) if jet detachment from the deflection plate does not occur. 
Incipient or partial jet detachment is indicated when the axial-thrust 
ratio is lsrger than the value of the theoretical curve, an Fz value of e 
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1.0 indicating complete jet detachment. No effects due to varying the 
deflection-plate length for a particular Coanda nozzle sre observed in 
the data except those affecting jet detachment from the deflection plate. 

Miscellaneous performance characteristics. - As part of the study 
reported herein, a brief test was conducted to determine the effect of 
nozzle aspect ratio on the performance of a Coanda nozzle having a speci- 
fied nozzle height. (N ozz 1 e aspect ratio is defined as the ratio of 
nozzle width to height at the exit.) For this test a splitter plate the 
same height as the nozzle exit was mounted longitudinslly on a deflection 
plate midway between the side plates. In this manner the nozzle aspect 
ratio was effectively halved. For the nozzle used in this test (h, 0.5 
in.), the measured lift and thrust reduction were the ssme as those for 
the configuration without the splitter plate. 

Only limited and inconclusive data were obtained on the effect of 
side-plate height on the performance of a Cosnda nozzle. The data showed 
that side plates were required to obtain maximum flL vsluee and delay 
jet detachment. The erratic nature of the data can be illustrated by 
the fact that a reduction in side-plate height to 25 percent of the noz- 
zle height for the 0.5-inch nozzle did not cause appreciable changes in 
the lift compared with a side-plate height equal to the nozzle height; 
however, a reduction in side-plate height to 50 percent of the nozzle 
height for the 2.0-inch nozzle caused considerable reductions in the lift 
and partial jet detachment. No effect on lift was observed when the 
side-plate height exceeded that of the nozzle height (by up to 100 per- 
cent). Consequently, the data reported herein were obtsined with sfde- 
plate heights equal to or somewhat greater than the nozzle height and equsl 
in length to the deflection plate. 

In an evaluation of over-sll performance characteristics of the 
Coanda nozzles several practicsl aspects slso are of interest. It was 
determined that air leaks between the side plates and the deflection 
plate can cause jet detachment, especially if the leak occurs near a 
region of high negative pressures on the plate surface. On the other 
hand, air leaks between the side plates and nozzle efit or between the 
deflection plate and the nozzle exit were not detrimentsl to the config- 
uration performance. Slots at the junction of the nozzle exit and the 
deflection plate (caused by the hinge), which were about 0.06 inch deep 
and 0.1 inch wide and ran the width of the nozzle, were not detrimentsl 
to the performance. 

Compsrison of Verticsl Lift Obtained with Coanda Nozzle 

with That for Other Jet-Deflection Detices 

In evsluating the vertical-lift capability of a Cosnda nozzle, it is 
of interest to compare its performance with that of some other deflection 
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devices. Reference 9 presents performance data at a pressure ratio of 
2.0 for a number of jet-deflection devices including (1) swivel nozzles, 
tailpipes, and shrouds; (2) internal and external flaps; and 
(3) auxiliary-bleed nozzles at 90' to the tailpipe. In terms of the 
variation of deflected-force ratio (herein FL) with axial-thrust ratio, 
these devjces can be compared by the use of the three theoretical per- 
formance curves shown in figure 6. The swivel-nozzle devlces follow the 
"cosine law" variation of flL 'with sz (ref. 9). The flap devices, in- 
cluding the Coanda nozzles, follow the sine curve for flL and equation 
(3) for Fz. The performance of the atilisry-bleed nozzle follows a 
linear relation of the amount of flow bled through the auxiliary nozzle 
to that through the primary nozzle, and thus TL varies directly with 
%* 

Many of the detices, including the Coanda nozzle (with single flat- 
plate deflection surface), internal and external flaps, swivel primary 
nozzle, and so forth, may have aerodynamic or mechanicsI limitations, or 
both, to the amounts of lift that can be achieved and are therefore more 
applicable for horizontal attitude STOL than for VTOL. It is therefore 
desirable to maintain a large value of Fz as well as to achieve a 
maximum gL. Prom this consideration it can be seen that the deflection 
devices represented by the flap-type deflectors (including the Coanda 
nozzles) compare reasonably well for moderate deflection forces with the 
devices that follow the cosine law, the latter being considered herein 
as optimum deflection devices. For example, at an sL value of 0.30 
the optimum sz value is about 0.95 compared with about 0.91 for a flap- 
type deflector. At the same %-L value, the atiliary-bleed nozzle had 
an sz value of only 0.70. At large values of SL the compsrison be- 
comes less favorable. For the flap-type deflectors, however, it should 
be pointed out that the Fz values at large vdxtes of SL can be im- 
proved through the use of multiple flat-plate or curved-plate deflection 
surfaces as discussed in reference 8. Further discussion of these im- 
provements is beyond the scope of this study. 

Generalization of Data for Optimum Performance 

A study of the force and pressure-distribution data showed several 
trends that appeared amenable to generalization of the data. In partic- 
ular, an effort was made to determine the relation of the deflection- 
plate length to the nozzle height for achieving theoretical sL values 
(sine curve, fig. 5) for a given pressure ratio and deflection-plate 
angle. It should be noted that the theoretical 9L values given by the 

. 

sine curve are independent of plate length; however, the experimental & 
. 
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values are closely related to the physical dimensions of a particular 
combination of nozzle and deflection plate. Because of the limited num- 
ber of Coanda nozzles studied, the psrsmeters used in correlating the 
data may apply directly only over the range of conditions studied herein. 
These parameters may change for a more complete range of variables that 
would include greater changes in nozzle-exit design, heated air, and so 
forth. Also, because of the small scale of the models, the pressure 
gradients and Reynolds numbers associated with full-scale nozzles may 
affect the results presented herein. 

Pressure distribution. - The pressure distribution over the deflec- 
tion plate of a Cosnda nozzle consisted of two primary types shown in 
the following sketch and denoted as optimum and nonoptimum: 

t 
c-1 

2 
I 
PI 

(?-- *Plate length d 

t 
(4 

2 
I 
PC 

$I- 
0 

optimum Nonoptimum 

The pressure distributions in this sketch sre shown in terms of the dif- 
ference between the locsl surface pressure p and the ambient pressure 
RI as a function of surface distance along the deflection plate measured 
from the nozzle exit 2'. The optimum pressure distribution is charac- 
terized by negative pressure values (local surface pressures less than 
ambient) over the entire length of the deflection plate. The nonoptimum 
pressure distribution is characterized by negative pressure values over 
the plate surface near the nozzle exit followed by positive pressure 
values on the downstream portion of the deflection plate. It should be 
noted that, for a given flow condition, the pressure distribution up- 
stream of the zero pressure location is independent of the plate length 
and of pressures downstream of this point. Details of the pressure dis- 
tribution over the deflection plates of the Coanda nozzles studied herein 
are discussed in appendix B. 

A study of the measured force and pressure-distribution data showed 
that theoretic& flL values were obtained only when the local surface 
pressures were negative over essentislly the entire length of the deflec- 
tion plate (see also appendix B). If the initial location of the zero 
pressure coefficient (local surface pressure equal to ambient pressure) 
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coincides with the downstream end of the deflection plate, the maximum 
9~ vslue (equal to or slightly greater than theoretical 5~) for a psrtic- * 
alar Coanda nozzle is obtained together with the maximum deflection angle 
for the plate. A further increase in the deflection angle results in 

- 

jet detachment and a reduction in FL. A decrease in deflection angle 
for such a configuration precludes jet detachment but initiates positive - 
pressures on the dmnstream portions of the deflection plate. As the 
extent of the positive pressures increaseswith progressively decreasing 
angles (nonoptimum pressure distribution), the gL values become con- s 
siderably less than the theoretical 9, values. For a configuration 6 

with zero pressure coefficient at the downstream end of the plate, jet 
detachment occurs if the plate length is reduced. 

Study of the data also shows that, above a critical 
(discussed in the following parsgraphs) for a particular 
theoretical gL values cannot be obtained regardless of 
deflection sngle, the pressure-distribution always being 

deflection sngle I 
nozzle height, 
plate length--or 

- 

nonoptimum. 

Plate length necessary for theoretical fl- values. - From the fore- 
going considerations and appendix B, it is postulated that the location 
of the zero pressure coefficient (obtained from the pressure distribution 
data) defines the minimum plate length (optimum) required to yield theo- 
reticsl SL vslues for a particular nozzle height and a specified 
deflection-plate angle below the criticsl angle. In figure 7 the length 
of the deflection plate upstream of the location of the initial zero 
pressure coefficient Zopt is plotted as a function of the deflection 
angle for a nozzle height of 1.1 inches and a nominsl pressure ratio of 
2.1. The plate length necessary to obtain theoretical flL values is 

l - 

d 
I 

seen to increase with increasing deflection angle. The curve is termi- 
nated at about 27' (critical deflection angle), because the local pres- 
sures and force data for this nozzle height and pressure ratio showed 
that, with deflection angles greater than 270, optimum pressure distri- 
butions and. theoretical ,TL values could not be obtained. With plate 
lengths greater than that given for a deflection angle of 27', deflection 
zztgrrter than the critical angle csn be achieved; however, the re- - i 

L vslue, although possibly a maximum ,SL, will be less than 
that which theoretically could be obtained at the supercriticsl deflec- 
tion angle. Use of optimized multiple flat plates or a curved plate is 
suggested as a more efficient means of achieving deflection angles greater 
than the critical angle associated with a given single flat-plate .- 
configuration. 

.- 

Critical deflection angles for which theoretical flL vslues could 
be obtsined are shown in figure 8 as a function of nozzle height for all 
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pressure ratios studied. These data show that with increasing nozzle 
height theoretical SD values sre obtained for progressively lower 
ranges of deflection angles. Figure 8 also shows that, for the range of 
conditions snd configurations covered, the data sre apparently inde- 
pendent of pressure ratio. 

Data-correlation parameter. - In generalizing the data, an empiricsl 
relation was developed in which, for each pressure ratio, the ratio of 
the plate length necesssry for achieving theoreticsl flL values (opti- 
mum plate length Zopt ) to the nozzle height raised to an exponential 
power was obtained as a function of deflection-plate angle. This ratio, 
ZoptP, is shown in figure 9 as a function of 8 for nominal pressure 
ratios of 1.5, 1.8, 2.1, 2.7, and 3.0. Also shown in figure 9 are the 
critical deflection angles below which theoretical FL values are ob- 
tained for the nozzle heights of 0.5, 1.1, and 2.0 inches. It is appar- 
ent from the curves in figure 9 that Zopt/hn increases with progres- 
sively increasing deflection acgle. 

The exponent n was determined to be a function of the deflection- 
plate angle and pressure ratio and could be expressed as 

n=-a8+b (4) 

where a and b must be determined for each pressure ratio. The values 
of a snd b determined for the pressure ratios stuaied herein are 
plotted as a function of pressure ratio in figure 10. A reversal of the 
resulting curves occurred near the choking limit and precluded a simple 
general solution over the entire range of pressure ratios. 

The following example illustrates the use of figures 8 to 10. It is 
desired to determine the plate lengths required for theoreticsl SL 
values for a nozzle height of 1.5 inches over a range of deflection-plate 
angles and pressure ratios from 1.5 to 3.0. The data in figure 8 indi- 
cate that the maximum deflection-plate angle (critical) that can be used 
to obtain theoretic&L FL values is new 25'. From figure 9 the re- 
quired Zopt P for deflection-plate angles of loo, 15', 20°, and 25' 
can be obtained for pressure ratios of 1.5, 1.8, 2.1, 2.7, and 3.0. The 
appropriate value of n for the Zopt/hn parameter is determined by use 
of figure 10, and the value of Zopt is then calculated. The results of 
these calculations sre shown in figure 11 as a plot of plate length a- 
gainst pressure ratio for the specified deflection-plate angles. It is 
evident from figure 11 that relatively large plate lengths with respect 
to nozzle height are required to achieve theoretical SD values at large 
deflection-plate angles. The generalization of the location of the zero 
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pressure coefficient by the use of the nozzle height raised to the ex- 
ponent n suggested that a similar generalization, within limits, might - -. 
extend to the entire pressure distribution. Such a generalization of 
the local pressure data is shown in appendix C. - 

Location of Center of Pressure on Deflection Plate 

The location of the lifting force and thrust-reduction force rela- 
tive to the point of attachment of the deflection plate to the nozzle 
exit may be of iqortance-for certain pitching or trim considerations. 
The moment srms z and y for the lift force and the thrust-reduction 
force, respectively (see sketch in PROCEDURE), sre listed also in table 
I for all configurations and test conditions. In general, when the ex- 
tent of negative pressure coefficients was very small compsred to the 
over-all plate length, the effective lift force was located upstream-of 
the nozzle exit and the thrust reduction force was located between the 
jet axis and the lower surface of the nozzle (negative moments). When 
the negative pressure coefficients extended over most or sll of the plate 
surface, the lift and thrust-reduction forces were located downstream of 
the exit nozzle and below the lower nozzle-exit lip, respectively (posi- 
tive moments). 

A simple expression for 7 and T in terms of nozzle height, 
deflection-plate angle, and deflection-plate length is presented in 
appendix D. 

The trim or pitching moments caused by the asymmetrical location of 
the lift and thrust-reduction forces could be handled readily by an 
appropriate reaction control device. 

CONCLUDING REMARKS 

The results of this study have shown that properly designed Coanda 
nozzles utilizing a single flat plate for deflecting the jet stream yield 
vertical lift of the same order of magnitude as that calculated theoreti- 
cally for a flat plate or a flap immersed in an airstream. The ratio of 
lift to undeflected thrust for such Coanda nozzles is approximately equal 
to the sine of the 'deflection-plate angle. 

The practical use of a Coanda nozzle with a single flat-plate deflec- 
tion surface appears to be limited to STOL rather than VTOL aircraft be- 
cause of jet detachment from the deflection surface at large deflection 
angles. The angle to which the jet stream can be deflected by a Coanda 
nozzle depends primarily on the nozzle height, plate length, and pressure 
ratio. For example, with nozzle heights of 0.5 and 2.0 inches and a 
deflection-plate length of 2.5 inches, maximum ratios of lift to unde- 
fleeted thrust near 0.48 (deflection angle, 27') and 0.26 (deflection 

. 
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P 
angle, approximately lS") and sxisl-thrust ratios of 0.77 and 0.92, 
respectively, were obtained at a nominal pressure ratio of 2.1. In 
order to obtain a jet-stream deflection of the order of 90' for VTOL, 
multiple flat-plate or curved-plate configurations rather than a single 
flat-plate configuration must be used (ref. 8). 

B&cause the deflection surfaces are necessarily lsrge to achieve 
good performance and a high degree of jet-stream turning for STOL or VIOL 
aircraft, best utilization of a Coanda nozzle can be achieved by designing 
an aircrsft with due consideration of the unique characteristics of the 
device rather than attempting to incorporate the device in an existing 
configuration. 

Lewis Flight Propulsion Laboratory 
Nation& Advisory Committee for Aeronautics 

Cleveland, Ohio, March 19, 1958 
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APPEXDIXA 

SYMEQLS 

deflection-plate drag force, lb 

force measured by strain-gage system at location noted, lb 

undeflected jet thrust (no deflection plate), lb 

ratio of lift to undeflected thrust, L/Fj 

ratio of axial thrust with deflection plate to undeflected thrust 
(also c&led axial-thrust ratio) 

nozzle height, in. 

vertical lift, lb 

total length of deflection plate, in. 

surface distance measured from nozzle exit to a Point on deflec- 
tion plate, in. 

jet total pressure, in. Hg gage 

jet total pressure, in. Eg abs 

local static pressure on deflection plate, in. Hg abs 

atmospheric pressure, in. Big abs 

vertical location of center of pressure referenced to lower lip 
of nozzle exit, in. 

horizontal location of center of pressure referenced to nozzle- 
exit plane, in. 

horizontal lever srms> in. 

deflection-plate angle, deg 

Subscript: 

opt optimum 
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APPRRDIXB 

PRESSURE DISTKEKJTION OVER DELELJXTIOPB PLATES 

Order of magnitude and trends of specific effects on the pressure 
distribution over the deflection plate due to pressure ratio, plate 
length, deflection agle, and nozzle height are discussed in the follow- 
ing sections. The data shown in the accompanying figures are presented 
in terms of a locsl surface pressure coefficient (p - pg)/Pj asafunc- 
tion of surface distance measured slang the plate surface from the noz- 
zle exit 2'. Because the ambient pressure vsried by only 1 percent for 
these studies , gage values of jet total pressure pj are used for con- 
venience rather than absolute pressures. The data shown in the subse- 
quent figures are considered representative of eLll the Coanda nozzle con- 
figurations studied herein. Also, except as noted, the discussions will 
be concerned with that portion of the deflection plates subject only to 
negative surface pressure coefficients. 

Effect of Pressure Ratio on Local Surface Pressure Coefficients 

Typical profiles of pressure distributions above and below choking 
conditions are shown in figure 12. The data shown sre for pressure 
ratios of 1.8 and 2.7, nozzle height of 1.1 inches, deflection-plate 
angle of loo, and sever&L plate lengths. In general, for a pressure 
ratio below choking, the local surface pressure coefficients decreased 
as a smooth curve with increasing distance from the nozzle exit, reaching 
a zero pressure coefficient at some distance from the exitj thereafter, 
the coefficients became positive. For pressure ratios above choking, a 
double-peak profile of negative pressure coefficients generally was ob- 
tained, the first peak occurring near the nozzle exit and the second 
some distance downstream of the nozzle exit. After the second peak the 
pressure coefficients decreased and becsme positive farther downstream 
on the plate. Several small regions of negative pressure may occur and 
alternate with regions of positive pressure on the downstream portions 
of the deflection plate. These small regions of negative pressure are 
believed to have been caused by impingement on the plate of local shock 
waves existing in the jet stream at pressure ratios well above those re- 
quired for choked flow. 

Effect of Deflection-Plate Length 

The locsl pressure coefficients over the deflection plate for a 
psrticular Coanda nozzle (fig. 12) are substantially independent of plate 
length if the jet stream is attached to the plate.surface. When je.t 
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detachment occurs, the negative pressure coefficients are reduced (nega- 
tive pressures approach ambient pressure value) compared with those for 
which the jet stream is attached to the deflection plate. 

Plate length had substantislly no effect on the negative pressures 
on the upstream surface of the plate. Therefore, a plate with its length 
terminated at the zero-pressure-coefficient location should yield the 
maximum and theoretical FL value for a given nozzle height, deflection- 
plate angle, and pressure ratio. That is, no positive pressures exist 
on the plate to reduce its lift capability. This maximum fl. vsJue is 
equal to or exceeds the theoretical FL value, as demonstrated in the 
following example. Consider figure 13, in which the local surface pres- 
sure coefficients over an 11.75-inch and a 3.5-inch plate sre plotted as 
a function of surface distance along the plate (nozzle height, 1.1 1n.j 
nominal. pressure ratio, 3-O; deflection-plate angle, 20'). The zero 
pressure coefficient is located about 3.3 inches from the nozzle exit. 
This location is nearly at the end of the 3.5-inch plate, and negative 
pressure coefficients exist over essentially the entire plate. The ex- 
perimental S value for the 3.5-inch plate was 0.38 compared with the 
theoretic&l v kl ue of 0.3423 whereas the SL value for the ll.75-inch 
plate was 0.27. Because the location of zero pressure coefficient is 
slightly before the end of the 3.5-inch plate, it is to be expected that 
this plate could be deflected 2' or 3O more in order to obtain the maxi- 
mum and theoretical SL value for this configuration. A deflection of 
the plate to 25' resulted in jet detachment snd a loss in flL. Limited 
data are available for the case in which the location of zero pressure 
coefficient coincides approximately with the end of the plate. These 
data show that a maximum TL value equs3 to or slightly greater than 
theoretic&L is obtained (circle symbol at a deflection angle of 15', fig. 
S(c),'16 such a point). 

. 

Effect of Deflection-Plate Angle - 

With increasing deflection-plate angle the zero pressure coefficient 
occurs at progressively lsrger distances from the nozzle exit, as shown 
in figure 14(a) ( nozzle height, 1.1 in.; nominal pressure ratio, 2.1~ 
plate length, 11.75; deflection-plate angles, loo, l5O, 20°J and 25'). 
An increase in deflection angle may initially increase the 1ocs.l negative 
pressure coefficients near the nozzle exit (see square and circle symbols)j 
however, after a particular deflection sngle is reached (depending slso 
on the pressure ratio), the local negative pressure coefficients near the 
nozzle exit are reduced, as shown by the dismond and triangle symbols. 
Integrating the srea under the pressure-distribution curve (snd also 

. 

force measurements) showed that the increased region of negative pressures 
obta%ned with the larger deflection angles more than offsets the decrease s 
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in local pressures nest the nozzle exit. As a result, the lift normsl 
to the deflection-plate surface increases progressively with increasing 
deflection angle until Jet detachment occurs. 

Effect of Nozzle Height 

An increase in the nozzle height (larger mass flow per unit nozzle 
width) caused the pressure field to extend progressively farther down- 
stream on the deflection plate, as shown in figure 14(b). (The data 
shown in this figure are for nozzle heights of 0.5, 1.1, and 2.0 in.j 
deflection-plate angle of 15'; and nomlnel pressure ratio of 2.1.) The 
location of the zero pressure coefficient therefore moves progressively 
downstream with increasing nozzle height. For exsaple, in figure 14(b) 
the zero pressure coefficients occur at about 0.8, 1.6, snd 2.6 inches 
from the nozzle exit for nozzle heights of 0.5, 1.1, and 2.0 inches, 
respectively. 
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OF RATIO OF LOCAL SURFACE DISWCX To 

NOZZLJZHEIG3TRLUsEDTOn-FOWE8 

The local negative pressure coefficients over the deflection plate, 
shown as a function of the ratio of local surface distance from the noz- 
zle exit 2! to hn in figure 15, include only data obtained without 
the occurrence of jet detachment from the plate surface. The data sre 
shorn for nozzle heights of 0.5, 1.1, and 2.0 inches and are presented 
in order of increasing deflection-plate angles and pressure ratio. The 
data generally correlate well for deflection-plate angles up to and in- 
cluding 20°. At deflection angles greater than 20' some data scatter 
fs apparent, which increases with progressively increasing deflection 
angles. 

Pressure coefficients as a function of 2'/hn for the nozzle with 
a height of 3.7 inches are presented seperately in figure 16 because of 
the pressure-profile changes on the deflection plate caused by the con- 
tour of the nozzle ex%t (nozzle lip). Nozzles that have an abrupt lip 
(see fig. 4; nozzle heights of 0.5, 1.1, and 2.0 in.) generally cause 
higher negative pressure coefficients to occur on the deflection plate 
near the nozzle exit than a nozzle with a relatively flat lip (see fig. 
4; nozzle height 3.7 in.). Use of the latter nozzle causes the peak 
negative pressure coefficients to occur farther downstream on the plate 
than use of the former nozzles. Eowever, the variation of pL and sz 
with 6 and the location of the zero pressure coefficient do not appear 
to be affected by the change in nozzle-lip shape. 
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APPEKOIXD 

CENTER-OF-m LOCATION ON DEIFIEC~ON PLATE 

An empirical equation for 7 and ';: was derived in terms of the 
nozzle height, deflection-plate angle, and over-&l plate length. A 
simple expression of these relations is given by the follow equations: 

7 c2m r--+eS 
hn 

(Dl) 
f2m' z= --+gge 
hn I 

where c, eJ fJ gJ mJ td m’ are constants that must be determined for 
each pressure ratio from cross plots of the data in table I. 

For a pressure ratio of 2.1 equation (Dl) yields the following: 

The exponent n is obtsined from equation (4). Ekperimentel moment srms 
are plotted against values calculated from equation (D2) in figure 17. 

y= - o.402°'42 + o o5 8 
hn 

. 

(D2) 

I'= - 0.572°'60 + o 1 8 
hn 

. 

These data are for nozzle heights of 0.5, 1.1, and 2.0 inches, plate 
lengths of 2.5, 3.5J 6.5, and Il.75 inches , and deflection-plate angles 
from 10' up to those associated with maximum SD ratios for each con- 
figuration. Generally good agreement is observed between the experi- 
mental data and the calculated data. 

It is of interest to consider the practical application of these 
data. Consider a Coanda nozzle with a height of 1 inch operating at a 
pressure ratio of 2.1. Assume that the deflection plate can be con- 
structed so that (1) at each deflection-plate angle the plate length re- 
sults in the theoretical FL value, or (2) the plate length is fixed to 
yield the theoretical FL value only at the maximum angle. In the latter 
case decreasing the deflection angle results in positive pressures pro- 
gressively covering more of the plate surface starting at the downstream 
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end of the plate. The locations of the effective forces are summarized 
in the following table: 

Deflection-plate 
=aeJ 

@J 

de@; 

10 
15 
20 
25 

1.10 0.40 0.08 -0.20 -0.18 
1.55 .76 .27 .30 .07 
2.30 1.05 .42 .70 .32 
3.50 1.30 .57 1.30 -57 

At deflection-plate angles less than the maximum (25O), the forces are 
located nearer the nozzle exit and jet axis when the plate length usea 
is longer than 2opt for a particular deflection angle. Equation (Dl) 
applies strictly only to the configurations usea in the snslysis (noz- 
zle heights, 0.51 1.1, and 2.0 in.), Since they sre functions of the 
presEure diszribution over the deflection plate. However, the changes 
in y and z caused by a difference in the pressure distribution over 
the plate such as s&own in gigure 16 for a nozzle height of 3.7 inches 
should not affect y and z appreciably. 
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TABLE I. - SUMMAFLY OF PEFIFORHANCE CHAFIAC~TICS OF COANDA NOZZLKSa 
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TABLB I. - Concluded. SOMARY OF pERwR*uIcB -CC3 OF COllBIu W-ZZLE6" 

(c) liozz1e height, 2.0 inahes 

I I I 4 

Plnta length. 2.5 in. I, 3.5 In. 1 Plata length, 11.75 in. Platalen# 
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n /-Nozzle / 

Air supply line 

Axial-force strain 
gage and link 

y LAdjustable 
support 

-Vertical-force strain 
gage and link 

Figure 1. - Setup for Coanda nozzle tests. 
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Bigure 2. - Airflow in supply system. 

To nozzle 
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Force relations 
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Figure 3. - Wanda nozzle using sfngle flat plate for jet deflection. 
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Figure 4. - cross aactlonE cf nozzles. 
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(a) Nozzle height, 
0.5 inch. 

: 
0 
A 

I~--- 1 

Deflection-plate length, 
2, In. 

2.5 
3.5 
6.5 

ILL.75 

---m Theoretical eq. (3)) 
Theoretical t sine curve) 

0 20 40 
Deflection-plate angle, 6,'deg 

(b) Nozzle height, 
1.1 inches. 

\ 
\ 
\ 

\ 

\ 
\. 

0 20 40 

(c) Nozzle height, 
2.0 inches. 

FlgLlre 5. - Typical performance of Cosnds nozzles as function of deflectLoU-plate angle. 
Nominal pressure ratio, 2.1. 
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Cosine law for swiveled 
engine 

B-s- Immersed flap (including 
Coanda nozzle) 

--Auxiliary-bleed nozzle 
on tailpipe 

.2 .4 .6 .a 
Ratio of lift to undeflected thrust,~L 

Figure 6. - Analytical performance comparison of several 
types of jet-stream deflection devices (ref. 9). 
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I I 

I L 
-) Nonoptimum pressure 

distribution (theo- 
retical FL values 
unobtainable) 

0 6 16 24 
Deflection-plate angle, 8, deg 

32 

Figure 7. - Minimum plate lengths required to obtain theoretical FL values 
as function of deflection-plate angle. Nozzle height, 1.1 inches; nominal 
pressure ratio, 2.1. 
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I I 
Nominal 
pressure 
ratio, 

l.i8 
‘0 .a 1.6 2.4 3.2 

'Nip0 

1.5 
1.8 
2.1 
2.7 
3.0 

Nozzle height, h, in. 

Figure 8. - Variation of cr.itic.al deflection-plate 
angle below which theoretical flL values can be 
obtained with nozzle height. 
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(a) FTeSSUB ??8tlOj 1.5; II = -0-01088 + l-11. (b) Freeeure ratio, 1.8j U = -0.Ol958 -t 1.22. 

Figure9. - Correlation of p~te-length-to-nozzL3-he~~t parameter with deflection-plate a&e for 
theoreticel ratio of ltit to undeflected thrust. 
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(C) Pressure ratio, 2.1; n = -0.01368 + 1.10. (a) Pressure ratio, 2.7; n= -0.00708 + 0.795. 

Figure 9. - Continued. Correlation of plate-length-to-nozzle-height parameter vith deflection-plate 
angle for theoretical ratio of lift to undeflected thrust. 
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(e) Pressure ratio, 3.0; n = -0.00538 + 0.760. 

8 I I I I I I I I 

c 
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Nozzie he&t 
h, 4--u-A- 

0 

le for h = 1.1 015 
I I 

10 20 30 4A 
Deflection-plate angle, 8, deg 

Figure 9. - Concluded. Correlation of plate-length- 
to-nozzle-height parameter with deflection-plate 
angle for theoretical ratio of lift to undeflected 
thrust. 
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.004- 
-i.z 1.6 2.0 2.4 2.8 3.2 

Nominal pressure ratio, FE/p0 

Figure 10. - Variation of exponent constants in plate-lengkh-to- 
nozzle-height parameter Iopt /h" with pressure ratio. n= -&+b. 
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Figure 11. - Example of deflection-plate lengths calculated for 
achieving theoretical ratio of lift to undeflected thrust as 
function of pressure ratio and various deflection angles. 
Nozzle height, 1.5 inches. 
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Figure 12. - !I'yplcal etiace pressure distributions over deflection plate for pressure 
ratios below and &ove choki~ and several plate length8. Iiominal. pressure ratios, 
1.8 and 2.7~ deflection-plate angle, 10'; nozzle height, 1.1 inches. 
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Figure 13. - Pressure &SstrIbution over 3.5- and LL.75-Lnch deflection plate for nozzle 
height of 1.1 inch, deflection angle of ZOO, and nominal presfsure ratio of 3.0. 
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I I 1 I I I I I I Deflection- 

lb i i I I I I I I plate angle, 

.2 1 
(aLwy;$ of deflection-plate angle on pressure distribution over plate 

. Nozzle height, 1.1 inches. 
-. 6 

I I I 

h Nozzle height, 
I I I I I I I I h, I I in. 

4 -0 0.5 L 
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Distance along deflection plate measured from nozzle exit, E', in. 

(b) Effect of nozzle height on pressure distribution over plate surface. 
Deflection angle, 15'. 

Figure 14. - EFfect of deflection-plate angle and nozzle height on surface 
pressure distribution. Nominal pressure ratio, 2.1; plate length, 11.75 
inches. 
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Figure 15. - Summary of surface pressure coefficients in term of local 
plate-length-to-nozzle-height parameter. 
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Figure 15. - Continued. 6umary of surface pressure coefficients in terms of 
local plate-length-to-nozzle-height parameter. 
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Figure 15. - Continued. Summary of surface pressure coefficients in terms of 
local plate-length-to-nozzle-height parameter. 
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Figure 15. - Continued. Sumsry of surface pressure coefficients in terms pf 
local plate-length-to-nozzle-height parameter. - 
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-20 
(a) Plate length, 2.5 inches. 

Calculated looation of 7 and 8, in. 

(c) Plate length, 6.5 inches. (d) Plate length, 11.75 inches. 

Figure 17. ; Comparison of measured center-of-pressure locations with those 
caloulated from equation (D2). Nominal pressure patio, 2.1. 

(b) Plate length, 3.5 inohes. 
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